Sudden cardiac arrest (SCA) is a complex multifactorial event and most commonly caused by ventricular tachycardia/ fibrillation (VT/ VF). Some antihypertensive drugs could induce hypokalaemia or hyperkalaemia, which may increase susceptibility to VT/VF and SCA.
Introduction
Over 50% of all cardiovascular deaths in industrialized countries are attributed to sudden death, most often due to sudden cardiac arrest (SCA) and occurring in the community (out-of-hospital cardiac arrest, OHCA). About 400 000 people annually are affected by SCA in Europe [1] . SCA is a complex multifactorial event and most commonly caused by ventricular tachycardia/fibrillation (VT/VF) [2] . Various cellular mechanisms may increase susceptibility to VT/VF and SCA. Accordingly, risk factors of SCA including coronary heart disease, congestive heart failure, diabetes mellitus, inherited factors [3] , and electrolyte imbalances such as hypokalaemia [4, 5] and hyperkalaemia [6, 7] act by impacting on these mechanisms. Some drugs may also impact on these mechanisms, e.g. antihypertensive drugs which induce hypokalaemia or hyperkalaemia [7] [8] [9] .
However, it has not been established whether use of antihypertensive drugs with such effects is associated with increased VT/VF risk in the community. A suggestion for such an association comes from studies which found an increased risk of sudden death among users of hypokalaemia-inducing antihypertensives [10] [11] [12] . These studies were, however, limited by the fact that they used the definition of sudden death as proposed in the European Society of Cardiology guidelines (natural death due to cardiac causes, heralded by abrupt loss of consciousness within 1 hour of the onset of acute symptoms; pre-existing heart disease may have been known to be present, but the time and mode of death are unexpected) [13] . This definition does not require electrocardiogram (ECG) documentation of VT/VF, thereby leaving the risk of misclassification of sudden death from other causes, e.g. stroke (a real possibility in patients with hypertension). Another limitation is that these studies did not analyse a possible association between hyperkalaemia-inducing antihypertensives and VT/VF. The aim of our study is to fill these knowledge gaps by studying a possible association between various antihypertensive drug classes stratified to their potential effects on serum potassium levels (both hypokalaemia and hyperkalaemia) in a large cohort in which ECG documentation of VT/VF was available to minimize the risk of misclassification.
Methods

Design and setting
A case-control study was performed to assess the association between the use of antihypertensive drugs classified by their potential impact on serum potassium levels and the risk of OHCA. Our cases and controls who were current users of antihypertensive drugs were selected from a matched case control set. In this matched set, cases are OHCA victims with electrocardiogram documented VT/VF from the AmsteRdam REsuscitation STudies (ARREST) registry in the period 5 July 2005-28 December 2011. Controls are non-OHCA individuals that were matched by age, sex and OHCA date (index date) to cases and were drawn from the Pharmaco-Morbidity Record Linkage System (PHARMO-RLS, www.pharmo.nl) database. The ARREST is an ongoing registry designed to study the risk factors of SCA in which all OHCA victims in the North Holland province of the Netherlands (>2.4 million inhabitants) are included. OHCA parameters, from ambulance dispatch to hospital discharge or patient death are recorded in the ARREST database. Moreover, ECG recordings from the ambulance monitor/defibrillator or automated external defibrillator are used to confirm the presence of VT/VF. One year of previous history for medication prescriptions before the date of OHCA occurrence are retrieved from community pharmacies. The ARREST registry recruitment was described in detail by Blom et al. [14] . The PHARMO database contains information about drug-dispensing histories of patients from community pharmacies (>3 million community-dwelling inhabitants in the Netherlands). The ARREST registry was conducted according to the principles expressed in the Declaration of Helsinki. Written informed consent was obtained from all participants who survived SCA. The Ethics Committee of the Academic Medical Center Amsterdam approved the use of data from people who did not survive SCA, and approved this study.
Case and control definition
For this study, we first selected 2518 cases from the ARREST registry who had an OHCA with ECG-documented VT/VF. The cases were matched by age, sex and OHCA (index date) up to 5 controls (10 597 patients) from the PHARMO database. From these cases and matched controls, we selected adult patients (aged ≥18 years) who were current users of antihypertensive drugs (1345 cases and 4145 controls; Figure 1 ). These cases and controls were not matched any more. If we would have maintained the age, sex and OHCA date matching, we would have lost a substantial number of matched sets because of the criterion of the use of at least one antihypertensive drug at the index date. Antihypertensive drugs studied were: angiotensin-converting enzyme (ACE) inhibitors: ATC code C09A and C09B, angiotensin receptors blockers (ARBs): ATC code C09C and C09D, calcium channel blockers (CCBs): ATC code C08, β-blockers: ATC code C07, diuretics: ATC code C03 (thiazide or thiazide-like diuretics, loop diuretics and potassium-sparing diuretics) and miscellaneous antihypertensive agents: ATC code C02. We excluded the CCBs verapamil and diltiazem, and the beta-blocker sotalol from further analysis, because of their antiarrhythmic indication. We restricted the study population to current users of antihypertensive drugs on the index date to reduce the effect of confounding by indication and to be able to assess the risk of OHCA in patients with antihypertensives potentially influencing serum potassium levels vs. antihypertensives with neutral effect.
Exposure definition of antihypertensive drugs
Antihypertensive drug use was defined as current if the index date fell within the computed theoretical duration of the Figure 1 Flow chart
The impact of serum potassium-influencing antihypertensives on the risk of OHCA prescription (extended with 10% of that duration to take into account irregular drug use). We stratified current users of antihypertensive drugs into four drug classes according to the potential impact of the drugs on serum potassium levels: (i) antihypertensives with neutral effect (monotherapy of β-blockers or CCBs or miscellaneous antihypertensive drugs or a combination of at least two of such antihypertensives); (ii) hypokalaemia-inducing antihypertensives (monotherapy of loop diuretics or thiazide or thiazide-like diuretics or a combination of at least one of these drugs and antihypertensives with neutral effect); (iii) hyperkalaemia-inducing antihypertensives (monotherapy of ACE inhibitors or ARBs or potassium-sparing agents or a combination of at least one of these drugs and antihypertensives with neutral effect); and (iv) a combination of antihypertensives with hypoand hyperkalaemic effects (at least one hypokalaemiainducing antihypertensive combined with at least one hyperkalaemia-inducing antihypertensive with or without antihypertensives with neutral effect).
Covariates and risk factors
Age, sex, antiarrhythmic drugs (class I and III and other antiarrhythmic drugs), nonantiarrhythmic QT prolonging drugs, high cardiovascular risk-profile, and use of antidiabetic drugs or drugs for obstructive airway diseases were the available possible confounding factors for the association between the use of antihypertensive drugs and the risk of OHCA. High cardiovascular risk profile was defined as at least one prescription use of the following drugs: nitrates, platelet aggregation inhibitors, vitamin K antagonists and/or antilipidaemics within a period of 6 months before the index date. Antidiabetic medications users were defined as patients who filled at least one prescription of oral hypoglycaemic medications and/or insulin in the 6 months prior to the index date. Antiarrhythmic drugs class I and III were defined as at least one prescription of Vaughan-Williams class I and III medications. Other antiarrhythmic drugs were defined as at least one prescription use of the following drugs: verapamil, diltiazem, digoxin and/or ivabradine. Nonantiarrhythmic QT prolonging drugs were class 1 or 2 or 3 of QT-prolonging drugs derived from CredibleMeds® (http://crediblemeds.org/, accessed on April 13, 2014).
Statistical analysis
Our statistical analysis was performed using SPSS version 23. Age was summarized using mean ± standard deviation. Other baseline characteristics for cases and controls are presented as numbers and percentage. Student t test and chi-square test were used to analyse differences of the baseline characteristics between cases and controls. We used unconditional logistic regression analysis to assess the association between the use of antihypertensive drugs according to their potential impact on serum potassium levels and the risk of OHCA (crude) and to adjust for confounders (fully adjusted model). Based on our sample size of cases and controls, the power of this study was 92% to detect an odds ratio (OR) of 1.3 with an α of 5%.
Main analysis. Our main analysis consisted of two analyses. In the first analysis, we assessed the risk of OHCA with antihypertensives potentially influencing serum potassium levels vs. antihypertensives with neutral effect. In the second analysis, antihypertensives potentially influencing serum potassium levels were divided into three categories: hypokalaemia-inducing antihypertensives, hyperkalaemiainducing antihypertensives, and a combination of antihypertensives with hypo-and hyperkalaemic effects; the risk of OHCA was compared to antihypertensives with neutral effect.
Analysis restricted to current users of maximally two antihypertensive drugs. We conducted an analysis restricted to those patients who were current users of a maximum of two antihypertensives. We did this for two reasons. Firstly, our reference group (antihypertensives with neutral effect) was mainly composed of patients with at most two antihypertensives. Secondly, we wanted to reduce the effect of confounding by indication by including only patients who were more likely to have mild or moderate hypertension since they were on one or two antihypertensives.
Sensitivity analysis. To test the robustness of our results we repeated both main analyses in sensitivity analyses by excluding patients who were taking at least one prescription of an antiarrhythmic drug and/or nonantiarrhythmic QT prolonging drugs.
Results
We included 1345 cases and 4145 controls (Figure 1 ). Their main characteristics are shown in Table 1 . All comedications presented in Table 1 were significantly more frequently used among cases than among controls.
Main analysis
The relative risk of OHCA was significantly increased with antihypertensives potentially influencing serum potassium levels [adjusted OR 1.31; 95% confidence interval (CI) 1.10-1.55] compared to antihypertensives with neutral effect (Table 2A) . After stratification by effect on serum potassium, a statistically significant increased risk of OHCA was observed with hypokalaemia-inducing antihypertensives (adjusted OR 1.39; 95%CI 1.10-1.76) and a combination of antihypertensives with hypo-and hyperkalaemic effects (adjusted OR 1.42; 95%CI 1.17-1.72) compared to antihypertensives with neutral effect. There was no difference in OHCA risk between hyperkalaemia-inducing antihypertensives (adjusted OR 1.15; 95%CI 0.95-1.40) compared to antihypertensives with neutral effect (Figure 2 , Table 2B ).
Restriction to a maximum of two antihypertensive drugs
We included 870 cases and 3048 controls exposed to a maximum of two antihypertensives at the index date. In our first restricted analysis, there was a nonsignificantly increased risk of OHCA with antihypertensives potentially influencing serum potassium levels vs. antihypertensives with neutral effect (adjusted OR 1.17; 95%CI 0.98-1.41; Table 3A) . by contrast, in the second restricted analyses, we found that Table 2 The use of antihypertensive drugs according to their potential impact on serum potassium levels and the risk of out-of-hospital cardiac arrest The impact of serum potassium-influencing antihypertensives on the risk of OHCA OHCA risk was increased significantly only with hypokalaemia-inducing antihypertensives compared to antihypertensives with neutral effect (adjusted OR 1.34; 95%CI 1.05-1.70, Table 3B ).
Sensitivity analysis
In the sensitivity analyses in which we excluded patients with antiarrhythmic drugs and/or non-antiarrhythmic QT prolonging drugs, the results were consistent with our main analyses results (Table S1 ).
Discussion
Our study demonstrated that the risk of OHCA was significantly increased in patients who were current users of hypokalaemia-inducing antihypertensives and patients using a combination of antihypertensives with hypo-and hyperkalaemic effects compared to antihypertensives with neutral effect on serum potassium levels. There was no difference in OHCA risk between users of hyperkalaemiainducing antihypertensives vs. users of antihypertensives with neutral effect.
To the best of our knowledge, our study is the first to assess the association between the use of antihypertensive drugs according to their potential impact on serum potassium levels and the risk of OHCA in which ECG documentation of VT/VF was used to limit the risk of misclassification.
Only a few studies addressed whether use of antihypertensive drugs is associated with increased SCA risk. In a meta-analysis of seven trials by Hoes et al. [10] , the use of non-potassium-sparing diuretics increased the risk of SCA compared to placebo [risk ratio (RR) 1.5; 95%CI 1.1-2.0]. Moreover, a case-control study involving 114 cases of SCA found that the risk of SCA in hypertensive patients who used a thiazide with a potassium-sparing diuretic was lower than in hypertensive patients who used a thiazide diuretic without a potassium-sparing diuretic (adjusted OR 0.3; 95%CI 0.1-0.7). Furthermore, a case-control study conducted by Hoes et al. [12] found increased risks of sudden death in patients who used non-potassium-sparing diuretics (mainly hydrochlorothiazide, chlorthalidone and furosemide; adjusted RR 2.2; 95%CI 1.1-4.6), and in patients using β-blockers Figure 2 The use of antihypertensive drugs according to their potential impact on serum potassium levels and the risk of out-of-hospital cardiac arrest. OR, odds ratio Table 3 Use of antihypertensives according to their potential impact on serum potassium levels and the risk of out-of-hospital cardiac arrest among patients with at most two antihypertensive drugs Table 2 OR, odds ratio F. F. Alharbi et al.
(adjusted RR 1.8; 95%CI 1.1-2.9) compared to patients receiving mainly potassium-sparing diuretics. Moreover, Hoes et al. [12] suggested a potential effect of hypokalaemia in increasing the risk of sudden death in patients who used non-potassium-sparing diuretics. In our study, the findings are consistent with these above studies, however, these studies had the limitation that ECG documentation of VT/VF of SCA was missing. Many studies have confirmed the association between hypokalaemia and VT/VF [15] [16] [17] . However, the association between use of diuretics potentially inducing hypokalaemia and VT/VF is still controversial. Few studies suggested that use of diuretics inducing hypokalaemia was associated with an increased risk of ventricular arrhythmia [18, 19] . In contrast, other studies suggested that there is no association between the use of diuretics potentially inducing hypokalaemia and VT/VF [20] [21] [22] [23] [24] . In our opinion, most of these studies have limitations such as low sample size and short follow-up duration.
A recent Danish study reported a U-shaped relationship between all-cause mortality and serum potassium levels in hypertensive patients. Both serum potassium levels below and above the interval of 4.1-4.7 mmol l -1 were associated with increased mortality [25] . We think our study adds to these findings since in the Danish study all-cause mortality was studied, while we evaluated OHCA with ECG documented VT/VF, which, from the perspective of the biological mechanism by which potassium influences mortality, is more relevant. However, we found no increased risk of OHCA among users of hyperkalaemia-inducing antihypertensives and our study was limited by lacking of information on serum potassium levels. Therefore, further studies with availability of serum potassium levels are needed to assess the association between various antihypertensive drug classes stratified to their potential effects on serum potassium levels and the risk of VT/VF. Several studies have established the benefits of antihypertensive drugs in reducing cardiovascular morbidity and mortality in patients with hypertension [26, 27] . However, a recent systematic review in hypertensive patients found that antihypertensive drugs (mainly thiazide diuretics) did not reduce SCA risk (RR 0.96; 95%CI 0.81-1.15), although these drugs did significantly reduce nonfatal and fatal myocardial infarction (MI) compared to placebo or no treatment [28] . However, this study had the limitation that the cause of SCA was unknown.
In our sensitivity analyses, we excluded patients who were taking antiarrhythmic drugs and/or non-antiarrhythmic QT prolonging drugs and we found that the risk of OHCA was still significantly increased with hypokalaemia-inducing antihypertensives and a combination of antihypertensives with hypo-and hyperkalaemic effects compared to antihypertensives with neutral effect. Moreover, we did a restricted analysis by including only patients who were current users of a maximum of two antihypertensives and found that OHCA risk was still significantly increased with hypokalaemia-inducing antihypertensives compared to antihypertensives with neutral effect. However, we also found that OHCA risk of a combination of antihypertensives with hypo-and hyperkalaemic effects was not significantly increased as we found in our main analysis. This may be caused by a loss of power and/or excluding from our analysis most patients who were more likely to have severe hypertension since they were on more than two antihypertensives.
There are some strengths and limitations of our study. A strong point is that our cases had ECG documented VT/VF. In the majority of previous studies, sudden death was the outcome without any distinction between VT/VF and asystole. A limitation is that some well-established risk factors for VT/VF such as socioeconomic status, comorbidities, occupation, region, drinking alcohol, smoking and body mass index were not available in our database. Another limitation is that our database lacks information on serum potassium levels. Interpretation of such levels analysed in serum samples drawn during and immediately following SCA is problematic, because, in this situation, serum acidosis is generally present, and impacts on serum potassium levels. Thus, serum samples drawn during this period may not reflect serum potassium levels immediately preceding OHCA. Given that OHCA occurrence can presently not be predicted, it is very difficult to collect information on serum potassium levels immediately preceding OHCA. Another limitation is that the indication for the use of antihypertensive drugs, the classification of the degree of hypertension, and blood pressure measurements were not available. To counteract confounding by indication as much as possible, we restricted our analysis to patients who were current users of a maximum of two antihypertensive drugs. Thereby, the patients were likely to have mild or moderate hypertension.
Conclusion
The risk of OHCA is significantly increased in patients who were current users of hypokalaemia-inducing antihypertensives and patients using a combination of antihypertensives with hypo-and hyperkalaemic effects.
